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Abstract 

Reconstructing the evolution and ancestral functions of synaptic proteins promises to shed light on how neurons first 
evolved. The postsynaptic density (PSD) protein Homer scaffolds membrane receptors and regulates Ca^ signaling in 
diverse metazoan cell types (including neurons and muscle cells), yet its ancestry and core functions are poorly under- 
stood. We find that the protein domain organization and essential biochemical properties of metazoan Homer proteins, 
including their ability to tetramerize, are conserved in the choanoflagellate Salpingoeca rosetta, one of the closest living 
relatives of metazoans. Unlike in neurons. Homer localizes to the nucleoplasm in S. rosetta and interacts directly with 
Flotillin, a protein more commonly associated with cell membranes. Surprisingly, we found that the Homer/Flotillin 
interaction and its localization to the nucleus are conserved in metazoan astrocytes. These findings suggest that Homer 
originally interacted with Flotillin in the nucleus of the last common ancestor of metazoans and choanoflagellates and 
was later co-opted to function as a membrane receptor scaffold in the PSD. 
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Introduction 

Neurons, synapses, and the proteins required for their function 
are critical to the biology and behavior of eumetazoans but 
little is known about how they first evolved. In neurons, the 
transmission of chemical signals (called neurotransmitters) 
from the presynapse to the postsynapse requires distinct sets 
of pre- and postsynaptic protein networks. Understanding 
when the proteins required for synaptic activity first evolved 
and how they functioned in the first metazoans promises to 
illuminate evolutionary processes underlying the origin of 
neurons. 

The phylogenetic distribution of neurons in extant meta- 
zoans suggests that they likely evolved in the stem lineage 
leading to eumetazoans (fig. 1) (Ryan and Grant 2009). In 
addition to bilaterians, cnidarians and ctenophores have neu- 
rons and relatively simple nervous systems but neurons 
are apparently absent from sponges and placozoans. 
Nonetheless, some sponges contract their water canals in 
response to stimulation with the neurotransmitters gluta- 
mate and GABA (Elliott and Leys 2010) suggesting that 
sponges may contain elements of a primordial nervous 
system. Indeed, the sponge Amphimedon queenslandica en- 
codes proneural atonal-related basic helix loop helix genes 
(Richards et al. 2008) and diverse components of the post- 
synaptic density (PSD), a protein complex that is essential for 
the morphology and function of excitatory synapses in bila- 
terians (Sakarya et al. 2007; Srivastava et al. 2010). Likewise, the 



genome of the placozoan Trichoplax adhaerens encodes 
genes for synapse formation and conduction of nerve im- 
pulses, as well as genes associated with neuronal migration 
and axon guidance in bilaterians (Srivastava et al. 2008). Thus, 
proteins required for synaptic transmission evolved early in 
metazoan evolution, perhaps during the transition to multi- 
cellularity or earlier (Kosik 2009; Emes and Grant 2011). 
However, it is not known how these proteins originally 
functioned. 

The study of choanoflagellates, the closest living relatives of 
metazoans (Carr et al. 2008; King et al. 2008; Ruiz-Trillo et al. 
2008), has begun to provide clues into the ancestry of meta- 
zoan neuronal proteins. Choanoflagellates are microbial eu- 
karyotes that exist either as single cells or simple colonies of 
undifferentiated cells. Importantly, they do not produce syn- 
apses and neurons. Nonetheless, neurosecretory proteins 
such as SNAREs and Munc18 interact in the choanoflagellate 
Monosiga brev'tcoW'is by mechanisms that are conserved with 
metazoans, suggesting that ancestral modes of secretion may 
have been co-opted for neuronal functions (Burkhardt et al. 
201 1). Moreover, the genome of M. brevicollis encodes homo- 
logs of diverse Ca^"^ -signaling proteins (Cai 2008), synaptic 
proteins, including voltage-dependent sodium channels 
(Liebeskind et al. 2011), and the PSD proteins Homer, 
Shank, and PSD-95 (Sakarya et al. 2007; Ryan and Grant 
2009; Alie and Manuel 2010; Emes and Grant 2012). 

The Homer proteins are of particular interest as they are 
among the most abundant proteins in the PSD of metazoan 
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Fic. 1. The genome of the choanoflagellate Salpingoem rosetta encodes diverse synaptic protein homologs. (A) Metazoan synaptic proteins fall into five 
major functional categories: Vesicle exocytosis proteins, active zone proteins, adhesion and signaling proteins, receptors and transmembrane (TM) 
proteins, and postsynaptic scaffolding proteins. A black dot indicates the presence of clear homologs (also see supplementary table SI, Supplementary 
Material online), whereas absence of a dot indicates that a homolog was not detected in that taxon. Taxonomic groupings are indicated as follows: 
Brown box, Opisthokonta; red box, Holozoa; blue box, Metazoa; green box, Eumetazoa; violet box, Bilateria; yellow box, Vertebrata. The topology of the 
reference phylogeny was based on a consensus phylogeny (Baldauf 2003; Ruiz-Trillo et al. 2008; Philippe et al. 2009; Fairclough et al. 2013), with the nodes 
of the earlier branching metazoan lineages collapsed to indicate current controversy concerning their evolutionary relationships. A. que, Amphimedon 
queenslandica; B. den, Batrachochytrium dendrobatidh; C. ek, Caenorhabditis elegans; C. owe, Capsaspora oweiarzaki; D. me], Drosophila melanogaster; 
H. sap, Homo sapiens: M. bre, Monosiga brevicollis; M. mus, Mas musculus; N. vec, Nematostella vectensis; 0. car, Oscarella carmela; R. ory, Rhizopus oryiae; 
S. cer, Saccharomyces cerevisae; S. pur, Strongylocentrotus purpuratus; S. ros, Salpingoeca rosetta; T. adh, Trichoplax adhaerens. (B) Graphic representation 
of an excitatory synapse indicating the subcellular contexts in which many pre- and postsynaptic proteins function. The phylogenetic distribution of 
each protein is indicated using the color scheme in (A). SV, synaptic vesicle; ER, endoplasmic reticulum. 



excitatory synapses (Cheng et al. 2006), where they form tet- 
ramers and higher order scaffolds. Homer proteins help reg- 
ulate the size of dendritic spines, the size of the PSD (Sala et al. 
2001), activity-dependent changes in synaptic strength, and. 



potentially, higher order brain functions such as learning and 
memory (Xiao et al. 1998; Thomas 2002). Moreover, aberrant 
Homer function has been associated with several neurological 
diseases, including addiction, epilepsy, and schizophrenia 



2343 



Burkhardt et al. ■ doi:10.1093/molbev/msu178 



MBE 



(Szumlinski et al. 2006). In addition to their neuronal roles. 
Homer proteins play critical roles in diverse other metazoan- 
specific cell types, including acting as negative regulators of 
T-cell activation (Huang et al. 2008), regulating Ca^ -signal- 
ing and mechanotransduction in diverse muscle cells (Worley 
et al. 2007; Stiber et al. 2008), and anchoring maternal effect 
transcripts in Drosophila melanogaster oocytes (Babu et al. 
2004). It is unclear how these diverse functions evolved or 
whether any of these functions reflect the function(s) of 
Homer in the first metazoans. We here report on our study 
of Homer in the colony-forming choanoflagellate Salpingoeca 
rosetta (Fairclough et al. 2010; Dayel et al. 2011; Fairclough 
et al. 2013) and our discovery that Homer interacted with 
Flotillin in the nucleus of the last common ancestor of choa- 
noflagellates and metazoans. 

Results 

Diverse Pre- and Postsynaptic Proteins in Metazoans 
and Their Closest Living Relatives 
The functioning of excitatory synapses in the brain is gov- 
erned by a core set of synaptic proteins that fall into five 
major functional categories: 1) neuronal exocytosis proteins, 
2) active zone proteins, 3) adhesion and signaling proteins, 4) 
receptors and transmembrane proteins, and 5) postsynaptic 
scaffolding proteins (fig. 1 ). We searched for their homologs in 
the genomes of the choanoflagellates S. rosetta and 
M. brevicollis; the sponges A. queenslandica and Oscarella 
carmela; and the placozoan T. adhaerens and the filasterean 
Capsaspora owczarzaki (fig. 1, supplementary table SI, 
Supplementary Material online). In agreement with previous 
studies (Sakarya et al. 2007; Srivastava et al. 2008; Ryan and 
Grant 2009; Srivastava et al. 2010; Conaco et al. 2012; Emes 
and Grant 2012; Suga et al. 2013), we find that many synaptic 
proteins from all five major functional categories evolved 
before the origin of synapses (fig. 1). Moreover, we have iden- 
tified a number of additional pre- and postsynaptic proteins 
in sponges and T. adhaerens that were previously thought to 
be restricted to metazoans with synapses. For example, we 
have identified the ionotropic glutamate receptor in the 
genome of 0. carmela (Nichols et al. 2012). We have also 
identified homologs of important active zone proteins in 
sponges (e.g., Ere/Cast and Liprin-alpha) and in placozoans 
(e.g., CASK and RIM), as well as important adhesion molecules 
such as Neurexin (Nichols et al. 2006) and Ephrin receptors in 
sponges and placozoans (fig. 1). Our analysis reveals that only 
a handful of synaptic proteins (e.g., the adhesion molecules 
Neuroligin and Ephrin) seem to be restricted to metazoans 
with synapses. 

The genome of S. rosetta encodes homologs of diverse 
proteins involved in neuronal exocytosis (e.g., neurosecretory 
SNARE proteins, Sec1/Munc18, and Synaptogyrin), adhesion/ 
signaling (e.g., LAR, PICK, and CamKII), and postsynaptic scaf- 
folding (e.g., Homer, Shank, and PSD-95). Interestingly, 
although we identified the neuronal SNARE-binding protein 
Complexin in the genomes of C. owczarzaki and M. brevicollis, 
it is apparently missing in the genome of S. rosetta (fig. 1). 
Importantly, the presence of postsynaptic scaffolding protein 



homologs such as Homer, Shank, and PSD-95 in choanofla- 
gellates raises the possibility that a primordial synaptic-like 
scaffold evolved prior to the origin of the first metazoans. 

Conserved Protein Domain Composition and 
Biochemical Properties of Metazoan and S. rosetta 
Homer Proteins 

Homer proteins in metazoans contain an N-terminal- 
enabled/vasodilator-stimulated phosphoprotein homology 1 
(EVH1) domain (PF00568) and a C-terminal coiled coil (CC) 
domain. We found that the protein domain composition and 
arrangement of Homer in metazoans is conserved in choano- 
flagellates (fig. 2A) (Shiraishi-Yamaguchi and Furuichi 2007). 
Moreover, four residues (W24, F74, Q76, and G89) that are 
necessary for the binding of vertebrate Homer proteins to 
Shank (Tu et al. 1999), metabotropic glutamate receptor 
(Brakeman et al. 1997), inositol trisphosphate receptor 
(Tu et al. 1998), and Dynamin (Tu et al. 1998; Gray et al. 
2003) are conserved in S. rosetta Homer (SrHomer; supple- 
mentary fig. SI, Supplementary Material online). Finally, 
similar to the C-terminal CC domain of metazoan Homer 
proteins, the C-terminal CC domain of SrHomer is 
alpha-helical (fig. 2B), as revealed by circular dichroism (CD) 
spectroscopy of bacterially expressed SrHomer. 

Homer tetramerization in metazoans, which is dependent 
upon the alpha-helical C-terminal CC domain, is required for 
the structural integrity of dendritic spines and for recruitment 
of specific proteins to synapses (Hayashi et al. 2009). Deletion 
of the C-terminal CC domain prevents tetramerization of rat 
Homer, although the remaining truncated peptide still dimer- 
izes. To investigate whether SrHomer can also tetramerize 
through its C-terminal CC domain, we used multiangle light 
scattering (MALS) to compare the behavior of full-length 
SrHomer with a truncated SrHomer that lacks the C-terminal 
CC domain (SrHomer ACC). Full-length SrHomer (aa 1-355, 
MW: 41 kDa) eluted with a molecular mass of 167±6kDa, 
equaling 4.1 x that of the monomer (fig. 2C), although 
SrHomer ACC (aa 1-282, MW: 32 kDa) eluted with a molec- 
ular mass of 67 ± 10 kDa (fig. 2D), equaling only 2.1 x that of 
the monomer. Thus, similar to metazoan Homer proteins, 
full-length SrHomer forms tetramers while deletion of the 
C-terminal CC domain results in truncated peptides that di- 
merize but do not tetramerize. Our results indicate that 
Homer's ability to tetramerize likely evolved before the 
origin of metazoans and synapses. 

Unexpected Localization of SrHomer to the Nucleus 
In metazoan cells. Homer protein function is dependent upon 
its localization to a number of different subcellular regions. 
For example. Homer 1 in vertebrates associates with two dif- 
ferent types of membranes to scaffold membrane proteins: 
The plasma membrane of the postsynapse in neurons and the 
ER membrane in neurons and muscle cells (Salanova et al. 
2002; Hayashi et al. 2009). In addition. Homer 3 in human T 
cells stimulated with anti-CD3- or anti-CD28-coated beads is 
rapidly recruited to the area of contact with the beads and, 
after prolonged stimulation, translocates into the nucleus 
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Fig. 2. Conserved biochemical properties and nuclear localization of Homer in the choanoflagellate Salpingoeca rosetta. (A) The protein domain 
organization of Homer is conserved in S. rosetta and metazoan Homer proteins. The protein domain organizations of Homer homologs from Capsaspora 
owciarzaki, the choanoflagellates S. rosetta and Monosiga brevicoilis, and diverse metazoan taxa were mapped onto the consensus phylogeny from 
figure 1(A). Yellow boxes highlight the conserved Enabled/VASP homology 1 (EVH1) domain and the CC domains of Homer. Orange triangle indicates 
SH3 domain in C. owczarzaki Homer protein. Although Homer was found in almost all metazoan (light gray), choanoflagellate (dark gray), and 
C owczarzaki genomes analyzed in this study, it was not detected in any other lineage. (6) CD spectroscopy of the C-terminal CC domain of bacterially 
expressed SrHomer (SrHomerCC). The CD spectrum, with two clearly defined minima at 208 and 222 nm, reveals that SrHomerCC is alpha-helical. (C and 
D) Oligomerization of SrHomer in solution. Size-exclusion chromatography (SEC)-MALS data are shown for full-length SrHomer (C) and SrHomerACC 
(D). Full-length SrHomer exists predominantly as a tetramer (MW: 167 kDa), whereas the deletion of the C-terminal CC domain renders SrHomer 
dimeric (MW: 67 kDa). The signal from the refractive index detector (dRI; left, Y axis) is shown as solid, black lines. Molecular mass as calculated across the 
protein elution peak (right, Yaxis) is shown as blue lines. (£-/) A rosette colony in which the apical flagellum of each cell is oriented outward. The plasma 
membrane and flagellum of each cell are revealed by staining with antibodies to beta-tubulin (£, green). (F) DAPI staining reveals DNA in the nucleus of 
each cell. Arrowhead indicates a representative nucleus from one cell. DNA from prey bacteria (indicated with asterisk) also stains with DAPI. (C) 
SrHomer colocalizes with DNA in the nucleus, as revealed in the merge (H). (/) In S. rosetta, the nucleus is organized with the electron-dense spherical 
nucleolus (asterisk) in the center surrounded by a shell of nuclear DNA and nucleoplasm, as revealed by TEM of a thin section through a S. rosetta rosette 
colony. Inset: Nuclear pores from a single nucleus are indicated with arrowheads. (J) Staining with antibodies to nuclear pore complexes (green) revealed 
that SrHomer (red) is contained within the nuclear membrane and distributed throughout the nucleoplasm. The hollow center of the nucleus suggests 
that SrHomer is either excluded from the nucleolus or that antibodies to SrHomer did not efficiently penetrate the nucleolus. (/<) Immunogold labeling of 
S. rosetta cells with an antibody directed against SrHomer. Gold particles are visible as black dots that localize throughout the nucleus. (L) Higher 
magnification of the region of the nucleus contained within the box in (K). Homer was seen to localize to both the nucleoplasm and nucleolus. High 
densities of Homer localization in the nucleus (arrow) were frequently observed. (M) Two independent immunogold labeling experiments (Exp. 1 and 
Exp. 2) show that Homer localizes predominantly to the nucleus (73% and 81%). Nuclear versus cytosolic localization of gold particles was measured from 
25 cells per experiment Scale bars: 5 |im in (C), 500 nm in (/) and (/), 200 nm in (K) and (L). Species abbreviations as in figure 1. 
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Fig. 3. Mass spectrometric identification of Salpingoeca rosetta Homer-binding proteins. (A) In a coimmunoprecipitation experiment, diverse proteins 
were pulled down by SrHomer antibodies, but not by control antibodies. Whole cell lysates from S. rosetta rosette colonies were used for coimmu- 
noprecipitation experiments and the resulting bound proteins analyzed by SDS-PAGE, silver staining and LC-MS/MS (supplementary table S2, 
Supplementary Material online). (B) Select candidate binding partners of SrHomer identified by LC-MS/MS analysis of SrHomer coimmunoprecipitates. 
The summed number of unique peptides represents the total number of identified peptides from two independent SrHomer IP experiments. No 
peptides were detected in the control IP experiments for these proteins, suggesting that they are selective binding partners of SrHomer. Previously 
known Homer-binding partners from metazoans are marked with an asterisk 



(Ishiguro and Xavier 2004). To investigate the subcellular con- 
text of SrHomer function, we used affinity-purified and vali- 
dated antibodies that we raised against SrHomer 
(supplementary fig. S2, Supplementary Material online). In 
all S. rosetta cell types, including single cells and colonies, 
we detected Homer colocalized with DNA in the S. rosetta 
nucleus in a doughnut-shaped ring (fig. 2E-H). The potential 
nature of this ring was revealed by transmission electron mi- 
croscopy (TEM) of S. rosetta thin sections, which showed that 
the DNA and nucleoplasm of S. rosetta are arranged around a 
large centrally localized nucleolus (fig. 2/). In live cells, we infer 
that the DNA and nucleoplasm form a continuous shell 
around the nucleolus. Further analysis of the localization of 
Homer, by simultaneously costaining S. rosetta cells with anti- 
bodies to the nuclear pore complex and to SrHomer, revealed 
that SrHomer is distributed throughout the nucleoplasm 
(fig. 2j), rather than being solely associated with the nuclear 
membrane. Moreover, TEM of S. rosetta thin sections follow- 
ing immunogold labeling of SrHomer provided independent 
evidence for the localization of Homer to the nucleoplasm 
and revealed that it is also localized to the nucleolus (fig. 2K- 
M). Therefore, we infer that SrHomer localizes throughout the 
nucleus, in contrast to expectation based on its localization in 
neurons. 

Conserved and Novel SrHomer-Binding Proteins 
Homer function in metazoans is shaped by its context — its 
subcellular localization and its protein-binding partners. After 
finding that SrHomer localizes to the nucleus in all S. rosetta 
cell types, we next set out to identify its native-binding part- 
ners in S. rosetta. High-resolution mass spectrometry in 



combination with liquid chromatography tandem mass spectro- 
metry (LC-MS/MS) was used to identify proteins purified selec- 
tively in a SrHomer immunoprecipitation (IP) compared with a 
control IP fi-om lysates of S. rosetta colonies (fig. 3A). Based on 
the nature of the LC-MS/MS analysis, the number of identified 
peptides corresponding to any given protein can be used as a 
rough estimate of relative protein abundance in the SrHomer IP 
compared with the control IP. For example, a protein with an 
equivalent number of peptide hits in both the SrHomer IP and 
the control IP was likely to have been pulled down through 
nonspecific interactions. In contrast, a protein with a large 
number of hits in the SrHomer IP and few-to-no hits in the 
control IP was more likely to bind specifically to Homer (or a 
Homer-containing protein complex). For this study, only pro- 
teins with peptide matches detected solely in the SrHomer IP, to 
the exclusion of the control IP, were considered to be potential 
interaction partners of SrHomer. 

Following this standard, approximately 300 proteins were 
identified exclusively in the SrHomer IP based on LC-MS/MS 
analysis. This list of proteins contains both previously known 
Homer-binding partners and new potential binding partners 
(fig. 3B, supplementary table S2, Supplementary Material 
online). For example, as in metazoans, SrHomer likely inter- 
acts with the inositol trisphosphate (IP3) receptor, a calcium 
channel activated by IP3 (Tu et al. 1998), and with Dynamin, 
a GTPase involved in endocytosis and cytokinesis (Tu et al. 
1998; Gray et al. 2003) (fig. 3B). Some other known Homer- 
binding partners that are encoded by the S. rosetta genome 
(e.g.. Shank, Tu et al. 1999) were not detected, although they 
may interact with Homer under conditions not tested in this 
experiment. 
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The two most abundant detected putative SrHomer- 
binding partners, based on the number of unique peptides 
identified in the SrHomer IP and their complete absence in 
the control IP, were homologs of Flotillin 1 and Flotiliin 2 
(fig. 3B), neither of which have previously been shown to 
interact with Homer. Other previously unidentified potential 
binding partners included Slit-Robo Rho GTPase-activating 
protein (srGAP), a protein critical for neuronal migration in 
bilaterians (Guerrier et al. 2009) and ATP-citrate lyase (ACLY), 
a key enzyme in the cytosolic acetyl-CoA biosynthesis path- 
way that has important roles in regulating de novo lipid syn- 
thesis and histone acetylation in metazoans (Wellen et al. 
2009) (fig. 3B). Moreover, we found multiple potential 
SrHomer-binding proteins with unknown functions, includ- 
ing EF-hand calcium-binding domain-containing protein 5, 
SNW domain-containing protein 1, Tetratricopeptide 
Repeat Protein 35 (TTC 35), and Neighbor of C0X4 
(C0X4NB). Interestingly, TTC 35 was first identified as part 
of the mouse nuclear envelope proteome (Dreger et al. 2001) 
and was later shown to interact with COX4NB in a yeast two- 
hybrid screen (Boxem et al. 2008). 

Homer Binds Directly to and Colocalizes with Flotillin 
1 in the Nucleus of S. rosetta 

The most abundant detected SrHomer-binding partners, the 
Flotillins (also known as Reggies [Schulte et al. 1997]), are 
markers of lipid rafts (Bickel et al. 1997) and act as scaffolds 
for large heteromeric complexes that signal across plasma 
membranes in metazoans. Originally discovered in neurons 
during axon regeneration (Schulte et al. 1997), Flotillins were 
subsequently identified in diverse eukaryotes and bacteria 
(Rivera-Milla et al. 2006). Nonetheless, their molecular func- 
tions remain elusive (Stuermer 2010). We found that the 
protein domain composition and arrangement of Flotillins 
1 and 2 are conserved in metazoans and in choanoflagellates 
(fig. 4A, supplementary fig. S3, Supplementary Material 
online), raising the possibility that aspects of their in vivo 
functions may also be conserved. 

To test whether the detected Homer/Flotillin interaction is 
physiologically relevant in S. rosetta, we performed glutathi- 
one-S-transferase (GST) pull-down experiments against 
S. rosetta lysates. Bacterially expressed S. rosetta Flotillin 1 
(GST-SrFlotillinI) immobilized on glutathione-sepharose 
beads pulled down SrHomer from S. rosetta cell lysates 
(fig. 4B). The interaction between SrFlotillin 1 and SrHomer 
is apparently through direct binding we found that bacterially 
expressed SrHomer binds to GST-SrFlotillin 1 but not to GST 
alone. Moreover, saturated binding of SrHomer to SrFlotillin 1 
was reached at approximately 2 jiM SrHomer (fig. 4C), and we 
measured a Kd of approximately 0.96 pM (fig. 4D). This rela- 
tively high affinity compares well with affinities measured for 
other synaptic protein-protein interactions (Jahn and 
Fasshauer 2012) and is consistent with this being a physiolog- 
ically relevant interaction. 

The detection of a direct interaction between SrHomer 
and SrFlotillin predicted that SrFlotillin should localize to 
the nucleus in S. rosetta. Indeed, immunofluorescence 



microscopy reveals that SrHomer and SrFlotillin colocalize 
in the nucleoplasm of all solitary cells (fig. 4£-H). 
Interestingly, although SrHomer was found in the nucleus 
in all cells in colonies, SrFlotillin colocalized with SrHomer 
in only a subset of colony cell nuclei and was otherwise 
found distributed throughout the cytoplasm (fig. 4/-L). 

A Conserved Homer 1 /Flotillin 1 Complex in the 
Nucleus of Vertebrate Astrocytes 
Although Homer and Flotillin are each commonly considered to 
be membrane-associated proteins, both have been detected in 
the nuclei of certain types of cells. The direct interaction between 
SrHomer and SrFlotillin 1 and their colocalization in the S. rosetta 
nucleus raised the possibility that a Homer.Flotillin interaction 
might also be conserved in metazoans. To test for an interaction 
between the two proteins, human Flotillin 1 (HsFlotillinI) pro- 
tein fused to GST (GST-HsFlotillinI) was immobilized on gluta- 
thione-sepharose beads and incubated with human Homer 1 
(HsHomerl) protein. We found that HsHomer 1 binds to GST- 
HsFlotillin 1 but not to GST alone (fig. 5A). Saturated binding of 
HsHomer 1 to HsFlotillin 1 was reached at approximately 2 |iM 
HsHomer and we measured a Kd of approximately 0.83 |iM 
(fig 5B). This relatively high Kd, which is comparable to the 
Kd of the S. rosetta Homer/Flotillin 1 interaction, suggests that 
the interaaion of HsHomer 1 to HsFlotillin 1 reported here may 
be physiologically relevant. Moreover, the observation that 
HsHomer 1 and HsFlotillin 1 are capable of interacting directly, 
as they do in S. rosetta, su^ests that the two proteins interacted 
in the last common ancestor of metazoans and choano- 
flagellates. 

We next investigated circumstances under which Homer 
and Flotillin might colocalize in metazoans. Because the func- 
tion of Homer is best understood in the context of neurons, 
we investigated the localization of Homer and Flotillin in two 
different neuronal cell types in rats: Hippocampal neurons 
and hippocampal astrocytes. Homer 1 and Flotillin 1 did 
not colocalize in dendritic spines and, consistent with prior 
studies, neither protein was detected in the nuclei of primary 
rat hippocampal neurons (fig. 5C-C). However, we detected 
Homer 1 in nuclei of primary rat hippocampal astrocytes 
(fig. 5H-K), which were identified by the astrocyte marker 
Glial Fibrillary Acidic Protein (GFAP; fig. 5/). Moreover, co- 
staining with antibodies to Homer 1 and Flotillin 1 revealed 
that the two proteins colocalize in the nuclei of astrocytes 
(fig. 5L-0), just as their homologs do in the nuclei of S. rosetta. 
Thus, not only is the interaction of Homer and Flotillin con- 
served but also their colocalization in the nucleus. 

Discussion 

Our study of the choanoflagellate protein SrHomer has re- 
vealed new features of Homer and Flotillin biology in meta- 
zoans, suggesting that the interaction between these two 
proteins is conserved. Indeed, the evolution of the Homer 
protein family may provide an example of exaptation at the 
molecular level. In the last common ancestor of metazoans 
and choanoflagellates, long before the evolution of neurons 
and the PSD, an ancestral Homer protein likely functioned in 
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Fic. 4. SrHomer interacts directly with SrFlotillin 1 in the Salpingoeca rosetta nucleus. (A) Salpingoeca rosetta and human Flotillins 1 and 2 contain a 
conserved N-terminal SPFH-domain and a C-terminal Flotillin domain. (B) Purified CST-SrFlotillin 1 (CST-SrFlotI) pulls down SrHomer from S. rosetta 
cell lysate. Glutathione-sepharose beads bound to GST alone or GST-SrFlotillin 1 were incubated with S. rosetta cell lysate. The input lane represents 2% 
of the lysate used in the pull-down experiments. The remaining lanes show elutions from the beads separated by SDS-PAGE and visualized with 
Coomassie Blue (upper panel) or by immunoblotting with SrHomer antibodies (lower panel). (C) Purified His-SrHomer binds directly to GST-SrFlotillin 1 
but not GST alone. To measure the binding affinity between SrHomer and SrFlotillin 1, increasing concentrations of His-SrHomer were incubated with 
2 |.iM GST-SrFlotillin 1 (lanes 1-6), or with 2 |.iM GST (lanes 7-12) bound to glutathione-Sepharose beads for 1 h at RT, washed and analyzed on SDS- 
PAGE (concentrations of His-SrHomer used for the binding assays in lanes 1-6 and lanes 7-12 were 0.1 \iN\, 0.25 |-iM, 0.5 |iM, 1 |^M, 2 |.iM, and 4 \iN\, 
respectively). Saturated binding of SrHomer to SrFlotillin 1 was reached at approximately 2 \iN\ SrHomer. (D) Amounts of precipitated His-SrHomer 
were measured, normalized to GST-SrFlotillin 1, and plotted. The Kd of the reaction was determined by fitting the data to a Hill function assuming 1:1 
binding stoichiometry. The apparent binding Kd is approximately 0.96 |iM. (£-L) SrFlotillin 1 colocalizes with SrHomer in all solitary S. rosetta cells (£-H) 
and in some (indicated with white arrowhead), but not all, cells within S. rosetta rosette colonies (/-L). Subcellular localization of beta-tubulin (£ and /, 
gray), SrHomer (Fand ], green), and SrFlotillin 1 (G and K, red) in S. rosetta. (H and L). Theoverlay of SrHomer and SrFlotillin 1 shows colocalization of the 
two proteins, presumably in the nucleus. Scale bar: 2 |.im. Sr, S. rosetta. 



the nucleus and interacted with Flotillin. If the nucleus was 
the sole context for Homer function in the first metazoans, 
the later co-option of Homer to its better known function as a 
scaffolding protein (e.g., at the PSD and in the ER) likely in- 
volved the evolution of new interactions with proteins that 
were already encoded in the genome (e.g.. Shank and PSD-95). 



Alternatively, Homer may have been pleiotropic in the last 
common ancestor of metazoans and choanoflagellates, func- 
tioning both as a scaffolding protein and a nuclear protein. In 
this case, we infer that the scaffolding function for Homer was 
either lost in the choanoflagellate lineage or not apparent 
under the experimental conditions in this study. 
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Fig. 5. Homer 1 and Flotillin 1 from vertebrates interact directly and colocalize in the nuclei of primary astrocytes. (A) Bacterially expressed His- 
HsHomer 1 binds to GST-HsFlotillin 1 (CST-HsFlotI) but not GST. To measure the binding affinity between HsHomer and HsFlotillin 1, increasing 
concentrations of His-HsHomer were incubated with 2|.iM GST-HsFlotillin 1 (lanes 1-6) or with 2|.lM GST (lanes 7-12) bound to glutathione- 
Sepharose beads for 1 h at RJ, washed, and analyzed on SDS-PACE (concentrations of His-HsHomer 1 used for the binding assays in lanes 1-6 and lanes 
7-12 were 0.1 |.lM, 0.25 |iM, 0.5 |^M, 1 \.iN\, 2 \iN\, and 4 |iM, respectively). Saturated binding of HsHomer 1 to HsFlotillin 1 was reached at approximately 
2 \iN\ SrHomer. (B) The Kd of the reaction was determined by fitting the data to a Hill function assuming 1:1 binding stoichiometry. The apparent 
binding Kd is approximately 0.83 |.iM. (C-G) Homer 1 and Flotillin 1 do not appear to colocalize in rat hippocampal neurons. Hippocampal neurons (12 
days in vitro) were stained with DAPI (C, blue), Flotillin 1 antibodies (D, green), and Homer 1 antibodies (£, red). Although Flotillin 1 and Homer 1 both 
form puncta throughout the dendrites and cytoplasm, both appear to be excluded from the nucleus. An overlay of Flotillin 1 and Homer 1 is shown in 
panel (F). (C) Segment of dendrite magnified from (F) shows little colocalization between Flotillin 1 and Homer 1. (H-K) Homer 1 localizes to the 
nucleus in rat astrocytes (4 days in vitro) as shown by staining with DAPI (H, blue), antibodies to the astrocyte marker GFAP (1, green), and antibodies to 
Homer 1 (J, red). (K) The overlay of DAPI, GFAP, and Homer 1 reveals that Homer 1 colocalizes with DNA in the nucleus. (L-O) Flotillin 1 and Homer 1 
colocalize in rat astrocyte nuclei. Subcellular localization of DNA (L, blue), Flotillin 1 {M, green), and Homer 1 (N, red) are shown. (0) The overlay of 
DAPI-stained DNA, Flotillini, and Homer 1 shows colocalization in the nucleus. Scale bars: 10|im in (0) and (F), 5|j,m in (G). Hs, Homo sapiens. 



Although an association between Homer and Flotillin has 
not previously been reported and the functions of these bind- 
ing partners in the nucleus remain to be elucidated, both 
proteins have been observed independently in the nuclei of 
metazoan cells. For example. Homer in the nucleus of T cells 



interacts with the transcription factor C/EBPbeta to regulate 
serum response element activation (Ishiguro and Xavier 2004) 
and has been observed in nuclei of muscle fiber cells and 
cardiomyocytes (Voipe et al. 2004; Chiarello et al. 2013), 
where its functions are not well understood. Moreover, 
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nuclear localization of Flotillin 1 can induce cell proliferation 
in prostate cancer cells (Santaman'a et al. 2005) and regulate 
the abundance and activity of the mitotic regulator Aurora B 
kinase in cervical cancer cells (Gomez et al. 2010). We hypoth- 
esize that nuclear-localized Homer in choanoflagellates, and 
possibly in astrocytes, regulates nuclear Ca^"^ -entry and dy- 
namics, as two Ca^"^ -channels — ryanodine receptor and IP3 
receptor (which we detected as a potential binding partner of 
SrHomer, albeit with only a few unique peptide hits) — are 
known to be activated by Homer and have been detected in 
the nuclear membranes of diverse metazoan cell types 
(Gerasimenko O and Gerasimenko J 2004). In addition, our 
finding that Flotillin 1 is localized to the nucleus in all solitary 
S. msetta cells (fig. 4F), while localizing to the nucleus in only a 
subset of colonial cells (fig. 4/), suggests that SrFlotillin may 
influence cell differentiation in S. rosetta colonies. 

In addition to Flotillins 1 and 2, we identified other novel 
potential Homer-binding partners, some of which have been 
shown to localize to the nucleus in metazoan cells (e.g., ACLY 
[Wellen et al. 2009], SNW domain-containing protein 1 [also 
known as SKIP 1] [Folk et al. 2004], and srGAP [Guerrier et al. 
2009]). For example, srGAP 1 and 3 translocate during devel- 
opment between the nucleus and the cytoplasm of rat neu- 
rons (Yao et al. 2008). In addition, srGAP 2 has been shown to 
accumulate in the head of dendritic spines within Homer 1 
clusters and is detected in the PSD of mouse cortical neurons 
(Charrier et al. 2012). Both Homer 1 and srGAP 2 regulate 
axon pathfinding in the central nervous system (Foa et al. 
2001; Guerrier et al. 2009) and may facilitate signal transduc- 
tion from cell-surface receptors to intracellular proteins that 
govern the establishment of axon trajectories. Whether 
srGAP and other novel identified binding partners detected 
in this study are true Homer interacting proteins in vivo and 
might cooperate (e.g., in axon pathfinding) will require further 
study. 

Despite the evolutionary distance separating choanoflagel- 
lates from vertebrates, we find that critical biochemical prop- 
erties of Homer proteins are conserved in both lineages. 
Importantly, the ability of Homer to form tetramers, a feature 
that is necessary for the structural integrity of the PSD and 
dendritic spines in neurons, likely evolved long before the 
origin of eumetazoans and synapses. On the other hand, 
our immunoprecipitation experiments did not detect an 
interaction between SrHomer and Shank in S. rosetta. It is 
possible that the two proteins might interact under other 
conditions or that they interacted in the last common ances- 
tor of choanoflagellates and metazoans but that the interac- 
tion was lost in S. rosetta. On the other hand, it is also possible 
that the core of the postsynaptic protein complex formed by 
Homer and Shank evolved after the divergence of the 
choanoflagellate and metazoan lineages. Consistent with 
the hypothesis that the protein interactions involved in the 
PSD are restricted to metazoans, we also did not detect other 
postsynaptic proteins, including GKAP, PSD-95, Cortactin, 
and CamKll, that are known to be part of the Homer protein 
interaction network in metazoans and encoded in the 
S. rosetta genome. Identifying Homer-binding partners in 
sponges and cnidarians may help to clarify when and how 



core postsynaptic proteins such as Homer, Shank, GKAP, and 
PSD-95 were integrated to form a primordial synaptic-like 
scaffold and contributed to the evolution of synapses and 
neurons. 

Materials and Methods 

Protein Searches and Analysis 

We performed initial protein homology-based searches using 
the basic local alignment sequence tool (BLAST: BLASTp and 
tBLASTn, Altschul et al. 1997) using Homo sapiens proteins as 
queries in the genomes of eight metazoans {Mus musculus, 
Strongylocentrotus purpuratus, D. melanogaster, Caenorhabdi- 
tis elegans, Nematostella vectensis, T. adhaerens, 0. carmela, 
and A. queenslandica), two choanoflagellates {M. brevicollis 
and S. rosetta), one filasterean (C owczarzaki), and three fungi 
{Rhizopus oryzae, Saccharomyces cerev'isiae, and 
Batrachochytrium dendrobatidis) with the default BLAST pa- 
rameters and an e-value threshold of 10 x 10^^ at the 
National Center for Biotechnology Information (NCBI). In 
addition, we searched databases at the Joint Genome 
Institute (genomes of M. brevicollis, T. adhaerens, and N. vec- 
tensis), databases associated with the Origins of Multicellular- 
ity Sequencing Project, Broad Institute of Harvard and MIT 
(http://www.broadinstitute.org/annotation/genome/multi- 
cellularity_project/MultiHome.html, last accessed June 6, 
2014), and the A. queenslandica genome database 
(http://www.metazoa.ensembl.org/Amphimedon_queenslan 
dica/blastview, last accessed June 6, 2014). 

The stand-alone BLAST search algorithm was used to 
search the best predicted protein set from the draft 
genome of 0. carmela (Nichols et al. 2012) using synaptic 
proteins from H. sapiens as a query. When the BLAST searches 
of the genome data described above returned significant 
"hits," the sequences obtained were then reciprocally 
searched against the NCBI protein database by BLAST to 
confirm the validity of the sequences retrieved with the initial 
search. Pfam (Finn et al. 2010), SMART, and Phobius (Kail 
et al. 2007) domain prediction programs were then run on 
all proteins identified to analyze their protein domain com- 
position, and this additional criterion was used to identify 
bona fide candidate orthologs. In addition, we specifically 
searched for, but did not find, Homer homologs in Bacteria, 
Chlorophyta, Dictyosteliida, Apusozoa, Fungi, and 
Ichthyosporea. Protein accession numbers and protein 
domain composition are shown in supplementary table SI, 
Supplementary Material online. 

Protein Expression and Purification 
Full-length SrHomer (amino acids 1-355) and a C-terminal 
deletion of SrHomer (SrHomer ACC, amino acids 1-282), full- 
length SrFlotillin 1 (amino acids 1-427), and full-length 
HsHomer 1 (amino acids 1-354) were amplified by polymer- 
ase chain reaction (PGR) from S. rosetta cDNA or H. sapiens 
cDNA (Invitrogen), with the following primers: 

1.) Full-length SrHomer forward: GGAATTCCATATGTTC 
AAGACACAGGCGCAT, which contains a Ndel restric- 
tion site (underlined). 
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2. ) Full-length SrHomer reverse: GCGCC CTCGAG TCATGA 

CACGCTGTGTGCTGCCTC, which contains a Xhol re- 
striction site (underlined) and a stop codon. 

3. ) SrHomerACC forward: GGAATT CCATATG TTCAAGA 

CACAGGCGCAT, which contains a Ndel restriction site 
(underlined). 

4. ) SrHomerACC reverse: GCGC CCTCGAG TCATGACGCC 

TCAAGCTGCTG, which contains a Xhol restriction site 
(underlined) and a stop codon. 

5. ) Full-length SrFlotillin 1 forward: CCG GAATTC ATGGCC 

TTCTACTCCTCT, which contains an EcoRI restriction 
site (underlined). 

6. ) Full-length SrFlotillin 1 reverse CCG GCGGCCGC TCAG 

ACCTGGGACACCTTGAT, which contains a Not! re- 
striction site (underlined) and a stop codon. 

7. ) Full-length HsHomer 1 forward: GGAATT CCATATG GG 

GGAACAACCTATC, which contains Ndel restriction 
site (underlined). 

8. ) Full-length HsHomer 1 reverse: CCG GAATTC TCAGCT 

GCATTCTAGTAG, which contains an EcoRI restriction 

site (underlined) and a stop codon. 

In addition, codon-optimized full-length HsFlotillin 1 

(amino acids 1-427) was prepared by gene synthesis 

(GenScript) and amplified by PCR with the following 

primers: 

9. ) Full-length HsFlotillin 1 forward: CCG GAATTC ATGTTT 

TTCALI IGTGGC, which contains an EcoRI restriction 
site (underlined). 
10.) Full-length HsFlotillin 1 reverse: GCGC CCTCGAG TCAG 
GCTGTTCTCAAAGG, which contains a Xhol restriction 
site (underlined) and a stop codon. 

We cloned SrHomer and HsHomer into the pET28a-l- 
(Novagen) expression vector to generate proteins N-termi- 
nally tagged with hexahistidine tag (His-SrHomer and His- 
HsHomer). SrFlotillin 1 and HsFlotillin 1 were cloned into 
the pGEX-6P-1 (Amersham Biosciences) expression vector 
to generate proteins N-terminally tagged with GST (GST- 
SrFlotillin 1 and GST-HsFlotillin 1). We transformed 
Escherichia coli BL21 cells to express each construct. 
SrHomer and HsHomer were expressed at 37 °C for 3 h and 
SrFlotillin 1, and HsFlotillin 1 were expressed at 16°C for 16 h. 
Fusion proteins were purified by Ni^"^ NTA or glutathione 
affinity chromatography. Bacteria were mixed with 1 mM 
phenylmethanesulfonyl fluoride (PMSF) and 1 mg/ml lyso- 
zyme and incubated at room temperature for 20 min. This 
was followed by addition of 5 mg Dnasel, 1 mM MgCl2, and 
1% (v/v) Triton X-100. Cells were sonicated by 4 x 30 s pulses. 
Immediately after, 1 mM PMSF was added, and the lysate was 
incubated at room temperature for 10 min again. Bacterial 
debris was removed by centrifugation at 14,000 rpm for 1 h. 
The supernatant containing the protein of interest was incu- 
bated either with Ni^'^-NTA-agarose or glutathione sephar- 
ose beads for about 2h at 4 °C. Ni^'^-NTA-beads were 
washed with 200 ml Ni^"^ -washing buffer (20 mM Tris pH 
7.4, 500 mM NaCI, 8 mM imidazole), and the His-tagged pro- 
teins were eluted with elution buffer (5 ml, Ni^"^ -washing 
buffer containing 400 mM imidazole). Glutathione sepharose 



beads were washed with 200 ml GST-washing buffer (20 mM 
Tris pH 7.4, 150 mM NaCl, 1 mM ethylenediaminetetraacetic 
acid [EDTA], and 1 mM dithiothreitol [DTT]), and the GST- 
tagged proteins were eluted with elution buffer (5 ml, GST- 
washing buffer containing 5 mM glutathione). Eluates were 
dialyzed overnight at 4 °C. The dialysis buffer contained 
20 mM Tris pH 7.4, 200 mM NaCl, 1 mM EDTA, and 1 mM 
DTT. All proteins were further purified by gel filtration on a 
Superdex-75 10/300 or Superdex-200 10/300 column. 

CD Spectroscopy 

The bacterially expressed and purified SrHomer coiled-coil 
domain (amino acids 283-355) (SrHomerCC) was further 
purified by gel filtration on a Superdex 75 10/300 column. 
The hexahistidine tag was removed by thrombin digestion of 
the SrHomerCC prior to the gel filtration run. SrHomerCC 
was dialyzed over night at 4 °C in 20 mM NaH2P04/Na2HP04, 
200 mM NaCl buffer. CD spectroscopy measurements were 
performed on an Aviv 62DS spectrometer at a protein con- 
centration of 0.25 mg/ml SrHomerCC in 20 mM NaHjPO^/ 
NazHPO^, 200 mM NaCl buffer. Hellma quartz cuvettes with 
1 cm path length were used. The absorption signal was col- 
lected in a wavelength range of 195-250 nm using steps of 

1 nm with a scan rate of 60 nm/min and an averaging time of 

2 s. The measurements were carried out at 25 °C. 

MALS 

For MALS studies, purified SrHomer and SrHomerACC 
(~1 mg/ml injected concentration) were subjected to a 
Superdex 200 10/300 analytical SEC equilibrated overnight 
in gel filtration buffer (20 mM Tris, 200 mM NaCl, 1 mM 
EDTA, 1 mm DTT, and pH 7.4). The chromatography 
system was coupled to an 18-angle light scattering detector 
(DAWN HELEOS-ll) and a refractive index detector (Optilab 
T-rEX) (Wyatt Technology). Data were collected every second 
at a flow rate of 0.5 ml/min. Data analysis was carried out 
using the program ASTRA, yielding the molar mass and mass 
distribution of the sample. For normalization of the light scat- 
tering detectors and data quality control, monomeric bovine 
serum albumin (BSA; Sigma) was used. The measurements 
were carried out at 25 °C. 

SrHomer Antibody Production and Western 
Blot Analysis 

We generated rabbit anti-SrHomer polyclonal antibodies by 
PCR amplifying the region of SrHomer encoding the C-termi- 
nal CC domain (amino acids 283-355) from S. rosetta cDNA 
using the following primers: GGAATTCCATATCCAGAACGC 
GGAGAAGTCC and reverse GCGCCCTCGACTCATGACACG 
CTGTGTGCTGCCTC. The forward primer contained a Ndel 
restriction site (underlined), and the reverse primer contained 
a Xhol restriction site (underlined) as well as a stop codon. We 
cloned the synthesized DNA into pET28a -I- (Novagen) and 
pMAL-c2X (New England BioLabs) expression vectors to gen- 
erate two fusion proteins: SrHomerCC protein N-terminally 
tagged with hexahistidine tag (His-SrHomerCC) and the same 
protein tagged N-terminally with maltose-binding protein 
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(MBP-SrHomerCC). We transformed £ coli BL21 cells and 
expressed His-SrHomerCC and MBP-SrHomerCC for 3h at 
37 °C His-SrHomerCC and MBP-SrHomerCC were purified 
essentially as described above. For MBP-SrHomerCC, amylose 
resin was used. Amylose resin beads were washed with 20 ml 
washing buffer (20 mM Tris pH 7.4, 200 mM NaCI) and the 
MBP-SrHomerCC was eluted with elution buffer (5 ml, wash- 
ing buffer containing 10 mM maltose). 

Polyclonal antibodies were raised in rabbits against 
His-SrHomerCC antigen (Gensript), and we affinity puri- 
fied anti-SrHomer antibodies from the rabbit serum using 
MBP-SrHomerCC protein. For affinity purification, 5mg 
MBP-SrHomerCC protein was covalently bound to an 
AminoLink Plus Coupling column (Thermo Scientific) 
overnight at 4°C in coupling buffer (0.1 M sodium phos- 
phate, ISOmM NaCI, pH 10) and 40)il of cyanoborohy- 
dride. The column was washed with 4 ml of Quenching 
Buffer (1 M Tris HCI, pH 7.4) and mixed gently for 30 min 
by end-over-end rocking with 2 ml Quenching Buffer and 
40)il of Cyanoborohydride Solution. The column was then 
equilibrated by adding 6 ml of Wash Buffer (1x phos- 
phate buffered saline [PBS], pH 7.4). The rabbits serum 
was allowed to flow into the resin bed of the column and 
incubated for 1 h at 25 °C. The column was washed with 
12 ml of wash buffer, and the antibody was eluted with 
1 ml 0.2 M glycine HCI, pH 2.5. The pH of each fraction 
was adjusted to neutral by adding 50)il of Tris HCL pH 
9.3. Fractions with highest amount of antibodies were 
pooled and dialyzed against 1x PBS. 

For the Western blot analysis, S. rosetta cells (40 mg 
choanoflagellate wet pellet) were resuspended in 1 ml lysis 
buffer (20 mM potassium phosphate buffer, pH 7.4, 
1 50 mM NaCI, 1 mM EDTA, 1 mM ethyleneglycoltetraace- 
tic acid [ECTA], 1% Triton X-100) containing protease 
inhibitor cocktail (Roche) for 30 min at 4°C. The crude 
lysate was clarified by centrifugation at 20,000 x g and 
20^1 per lane were separated by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) on a 14% 
gel. Proteins were transferred to Immobilon-P membranes 
(Millipore). Membranes were blocked overnight at 4°C in 
5% nonfat dry milk in 1x PBS containing 0.05% Tween 
20 (PBST) and then incubated with antibodies against 
SrHomer (1:1,000) in blocking solution for 1 h at room 
temperature and washed extensively in PBST. After 1 h 
incubation with the secondary antibody (goat antirabbit 
IgG antibody, horseradish peroxidase conjugate, Jackson 
Immuno Research, 1:10,000) at room temperature, mem- 
branes were washed in PBST and developed by using the 
SuperSignal West Pico Chemiluminescent substrate 
(Thermo Scientific). Antibodies against His-SrHomer recog- 
nize a single band of approximately 41 kDa (supplemen- 
tary fig. S2, Supplementary Material online). In addition, 
preincubation of the antibody with a competitor (2 |ig of 
maltose-binding protein-tagged SrHomer) nearly elimi- 
nated the detection of the protein, indicating that the 
competitor bound to the available antibody (supplemen- 
tary fig. S2, Supplementary Material online). 



Salpingoeca rosetta Cell Culture and Microscopy 
For immunofluorescence, cultures of S. rosetta enriched in 
single cells or rosette colonies were grown to a density of 
10^ cells/ml. Cells were pelleted by spinning for 10 min at 
500 X g and resuspended in a small volume of artificial sea- 
water pH 8.0. Approximately 0.4 ml of the cells were applied 
to poly-L-lysine-coated coverslips and left to attach for 30 min. 
Cells were fixed for 5 min with 1 ml 6% acetone, for 15 min 
with 1 ml 4% formaldehyde, and for 10 min with 1 ml 100% 
ice cold methanol. Acetone and formaldehyde were diluted in 
artificial seawater, pH 8.0. After incubation with 100% meth- 
anol, coverslips were washed gently four times with 1 ml 
washing buffer (100 mM PIPES at pH 6.9, 1 mM EGTA, and 
0.1 mM MgS04) and incubated for 30 min in 1 ml blocking 
buffer (washing buffer with 1% BSA, 0.3% Triton X-100). Cells 
were incubated with primary antibodies diluted in 0.15 ml 
blocking buffer for 1 h, washed four times with 1 ml of block- 
ing buffer, and incubated for 1 h in the dark with fluorescent 
secondary antibodies (1:100 in blocking buffer, Alexa Fluor 
488 goat antimouse, and Alexa Fluor 568 goat antirabbit; 
Invitrogen). Coverslips were washed three times with washing 
buffer and mounted onto slides with Fluorescent Mounting 
Media (4 )il; Prolong Gold Antifade, Invitrogen). The following 
primary antibodies were used: Mouse monoclonal antibody 
against (B-tubulin (E7, 1:400; Developmental Studies 
Hybridoma Bank) and nuclear pore complexes (1:100, 
Covance); rabbit polyclonal antibodies against SrHomer 
(1:200); and rat Flotillin 1 (1:100, Abeam). For colocalization 
studies of SrHomer and SrFlotillin, antibodies against 
SrHomer were labeled with Alexa Fluor 488 Protein 
Labeling Kit (Invitrogen). Images were taken with a lOOx 
oil immersion objective on a Leica DM16000 B inverted com- 
pound microscope and Leica DFC350 FX camera. 

For TEM, choanoflagellate cells were concentrated by 
gende centrifugation (3,200g for 10 min), loaded into 100- 
|im deep specimen carriers, and high pressure frozen in a 
Bal-Tec HPM 010 high pressure fi-eezer (Bal-Tec AG, 
Liechtenstein). Freeze substitution with 1% osmium tetroxide 
plus 0.1% uranyl acetate in acetone was performed over 2 h by 
the SQFS method of McDonald (McDonald 2013), then infil- 
trated with Eponate 12 resin and polymerized in a Peico 
Biowave research microwave oven (Ted Pella, Inc., Redding, 
CA) over a period of 2 h. Sections were cut at 70 nm thickness, 
poststained with uranyl acetate and lead citrate, and viewed 
in a Tecnai 12 transmission EM (FEI Inc., Hillsboro, OR) op- 
erating at 120 kV. Images were recorded on a Gatan Ultrascan 
1000 CCD camera. Immunogold labeling was performed es- 
sentially as described (McDonald 2013). Sections of choano- 
flagellate cells were incubated in primary Homer antibody 
diluted 1:50 for 1 h. Secondary antimouse antibodies conju- 
gated to 10 nm gold were used to label the sections. Grids 
were poststained for 4 min in 2% aqueous uranyl acetate and 
2 min in lead citrate. 

IP and Mass Spectrometry 

Two independent SrHomer IP experiments were performed: 
IP1 with 2.0 mg antibody-coupled beads/ml and 40 mg 
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choanoflagellate wet pellet and IP2 with 7.5 mg antibody-cou- 
pled beads/ml and 800 mg choanoflagellate wet pellet. To 
prepare samples for mass spectrometry, choanoflagellate ro- 
sette colonies were dissolved in lysis buffer (20 mM potassium 
phosphate buffer, pH 7.4, 150mM NaCI, 1 mM EDTA, 1 mM 
ECTA, and 1% Triton X-100) containing protease inhibitor 
cocktail (Roche). The crude lysate was clarified by centrifuga- 
tion at 20,000 x g for 20 min and then incubated with anti- 
SrHomer beads, which were prepared by conjugating affinity 
purified SrHomer antibodies to Dynabeads M-270 Epoxy 
(Invitrogen) according to the manufacturer's instructions. 
Negative control beads were prepared in parallel using a pu- 
rified rabbit polyclonal control antibody (Genscript). The 
lysate was incubated with antibody-coupled beads for 1 h 
at 4°C, washed with lysis buffer, and proteins were eluted 
in 0.2 M Glycine pH 2.5, 1 mM EDTA. For mass spectrometry, 
each sample was loaded in its entirety on a 4-20% Tris-HCl 
Gel (BioRad) and run until the dye front was 1 cm from the 
bottom of the gel. The gel was cut into ten equal slices and 
digested in-gel by trypsin (Olsen et al. 2007). The tryptic di- 
gests were analyzed by LC-MS/MS using a nanoflow EASY- 
nLC system and an Orbitrap Q-Exactive instrument (Thermo 
Scientific, Bremen, Germany). The data were acquired in a 
DDA manner with a loop count of 12. The resolution in the 
full scan was 70,000, AGC target of 1E6, maximum IT 120 ms, 
and 1 microscan. The MS/MS scans were recorded with a 
resolution of 17,500, AGC target of 1E6, maximum IT 60 ms, 
isolation window 1.2 m/z, stepped NCE of 25, and underfill 
ratio 1.2% (intensity threshold of 2E5). The dynamic exclusion 
was set to 30 seconds. The peptides were separated on a 
90 min gradient (8-40% acetonitrile in 0.1% formic acid) on 
a reverse-phase column (1.9).im beads, Dr Maisch GmbH, 
Ammerbach, Germany). The raw data was searched against 
a S. rosetta FASTA-protein database (Origins of 
Multicellularity Sequencing Project, Broad Institute of 
Harvard and MIT; http://www.broadinstitute.org/, last 
accessed June 6, 2014) using Mascot as a search engine in 
Proteome Discoverer v1.3 (Thermo Scientific, Bremen, 
Germany) with a peptide false discovery rate of less than 
1%, which was estimated on the number of reverse hits. 
Carbamidomethylation and oxidation of methionine were 
specified as variable modifications. A partial list of identified 
proteins is shown in figure 3B and the complete list in sup- 
plementary table S2, Supplementary Material online. 

In Vitro Protein -Protein Interaction Assay 
Salpingoeca rosetta lysate was incubated with 70 ^g of bacte- 
rially expressed GST-Flotillin 1 immobilized on glutathione- 
Sepharose beads in binding buffer (20 mM Tris, pH 7.4, 
150 mM NaCI, 1 mM EDTA, 2 mM MgCb, and 1 mM DTT). 
Incubations were carried out for 1 h at RT. The beads were 
then washed three times in 1 ml of binding buffer. Proteins 
bound to the beads were finally solubilized in SDS sample 
buffer (final concentrations: 60 mM Tris, pH 6.8, 2% SDS, 10% 
glycerine, 3% (B-mercaptoethanol), heated for 5 min at 95 °C 
and subjected to SDS-polyacrylamide gel electrophoresis. 



Immunoblot analysis was performed using affinity purified 
SrHomer polyclonal antibody. 

Bacterially expressed GST-SrFlotillin 1 or GST-HsFlotillin 1 
(70 ).ig) bound to glutathione-Sepharose was incubated with 
2-80 |ig of bacterially expressed SrHomer or HsHomer 1 in 
250 |.il of binding buffer. Samples were rotated for 1 h at room 
temperature, washed three times with 1.0 ml of binding 
buffer, and 30)il of SDS sample buffer was added to the 
bead bed; 15^1 of all samples were heated for 5 min at 
95 °C and separated by SDS-PAGE on a 14% gel. Gels were 
stained with Coomassie blue and destained. For quantifica- 
tion, gel band intensities were measured in ImageJ, normal- 
ized to GST-Flotillin 1, and plotted. The Kd of the reaction was 
determined by fitting the data to a Hill function assuming 1:1 
binding stoichiometry. 

Immunohistochemical Staining of Rat Hippocampal 
Astrocytes and Neurons 

Hippocampal astrocytes were isolated from the cerebral cor- 
tices of PO rat pups. Cells were dissociated with papain and 
mechanical trituration. The cells were plated on poly-i-lysine- 
coated glass coverslips (12 mm) and cultured in high-glucose 
Dulbecco's modified eagle medium supplemented with 10% 
fetal bovine serum (FBS) and 1% penicillin/streptomycin at 
37 °C and in 5% C02 (medium was replaced every 3-4 days). 
Dissociated hippocampal neurons were obtained from post- 
natal rats (PO-1) and plated on poly-i-lysine-coated glass cov- 
erslips (12 mm). Neurons were maintained in media 
containing MEM supplemented with 5% fetal bovine 
serum, B27 (Invitrogen), and GlutaMAX (Invitrogen). Both 
astrocytes and neurons were fixed with 4% PFA for 30 min 
at RT, rinsed three times with 1 x PBS and incubated with 
blocking solution (10% (v/v) normal goat serum/0.2% Triton 
X-100 in 1 X PBS) for 60 min at RT. Cells were then incubated 
for 1 h with primary antibodies dissolved in blocking solution, 
and after further washes (blocking solution), incubated for 1 h 
in the dark with fluorescent secondary antibodies (1:200 in 
blocking solution, Alexa Fluor 488 goat antimouse, and Alexa 
Fluor 568 goat antirabbit; Invitrogen), and washed again four 
times (blocking solution). After three washes (1 x PBS), cells 
on coverslips were mounted onto slides with Fluorescent 
Mounting Media (4|il; Prolong Gold Antifade, Invitrogen). 
Images were taken with a lOOx oil immersion objective on 
an inverted Leica microscope. The following primary antibo- 
dies have been used: Mouse monoclonal antibodies against 
GFAP (1:1,500; Cell Signaling Technology) and Flotillin 1 (1:50, 
BD Biosciences), and rabbit polyclonal antibody against 
Homer 1 (1:200, Synaptic Systems). 

Supplementary Material 

Supplementary tables SI and S2 and figures SI -S3 are avail- 
able at Molecular Biology and Evolution online (http://www. 
mbe.oxfordjournals.org/). 
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